Abstract. In polarized epithelial MDCK cells, all known endogenous endocytic receptors are found on the basolateral domain. The influenza virus hemagglutinin (HA) which is normally sorted to the apical plasma membrane, can be converted to a basolateral protein by specific mutations in its short cytoplasmic domain that also create internalization signals. For some of these mutations, sorting to the basolateral surface is incomplete, allowing internalization of two proteins that differ by a single amino acid of the internalization signal to be compared at both the apical and basolateral surfaces of MDCK cells. The rates of internalization of HA-Y543 and HA-Y543,R546 from the basolateral surface of polarized MDCK ceils resembled those in nonpolarized cells, whereas their rates of internalization from the apical cell surface were fivefold slower. However, HA-Y543,R546 was internalized approximately threefold faster than HA-Y543 at both membrane domains, indicating that apical endocytic pits in polarized MDCK cells retained the ability to discriminate between different internalization signals. Slower internalization from the apical surface could not be explained by a limiting number of coated pits; apical membrane contained 0.7 as many coated pits per cell cross-section as did basolateral membranes. 10-14% of HA-Y543 at the apical surface of polarized MDCK cells was found in coated pits, a percentage not significantly different from that observed in apical coated pits of nonpolarized MDCK cells, where internalization was fivefold faster. Thus, there was no lack of binding sites for HA-Y543 in apical coated pits of polarized cells. However, at the apical surface many more shallow pits, and fewer deep, mature pits, were observed than were seen at the basolateral. These results suggest that the slower internalization at the apical surface is due to slower maturation of coated pits, and not to a difference in recognition of internalization signals.
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T HE functions of many cells require that the plasma membrane be organized into distinct domains differing in their composition and function (Rodriquez-Boulan and Powell 1992; Nelson, 1992) . The continuous line of MDCK epithelial cells has been one of the best studied model systems for the establishment and maintenance of cell polarity. The apical surface of these cells is enriched in glycolipids, contains a set of proteins distinct from those found at the basolateral domains, and lacks any known endocytic receptors. Proteins containing recognition signals for internalization through clathrin coated pits, including normally apically sorted proteins into which internalization signals have been inserted by mutagenesis (Brewer and Roth, 1991; Le Bivic et al., 1991) , are transported to the basolateral surface of MDCK cells. One of these mutant proteins, the influenza virus hemagglutinin mutant, HA-Y543, contains a tyrosine in place of cysteine at position 543 in the short, 12-amino acid long, cytoplasmic domain. This mutation converts influenza virus hemagglutinin (HA) 1 from a protein that is internalized slower than the bulk rate of membrane uptake by clathrin coated pits into one internalized at rates between 5 and 16% per minute, depending upon the expression system and cell type (Lazarovits and Roth, 1988; Ktistakis etl al., 1990; Brewer and Roth, 1991; Naim and Roth, 1994a) . The same point mutation causes HA-Y543 to be expressed almost entirely at the basolateral surface of MDCK cells (Brewer and Roth, 1991) . Recently we have shown that the rate of HA-Y543 internalization can be improved by second-site point mutations, allowing us to create a series of extremely similar proteins that differ in the rates at which they are internalized (Naim and Roth, 1994a) , prob-ably due to differences in the affinity with which they bind to coated pits (Fire et al., 1991) . One of the proteins, containing a tyrosine at position 543 and an arginine at position 546 of the HA sequence, was expressed at both the apical and basolateral surfaces of MDCK cells (Naim, Dodds, and Roth, manuscript in preparation) . This protein, HA-Y543,R546, was internalized about threefold faster than was HA-Y543 in fibroblasts, at a rate of 35%/ min. This internalization rate is similar to, or faster than, the internalization rate of the transferrin receptor (McGraw et al., 1991; Hansen et al., 1992; Naim and Roth, 1994a) . Thus, HA-Y543,R546 was an excellent candidate protein to use to measure internalization from both surfaces. In addition, we have observed that certain mutant HAs, including HA-Y543, have sorting signals that do not function as efficiently when the expression of those proteins is stimulated by sodium butyrate, as others have reported for mutants of the LDL receptor (Matter et al., 1994) . In the presence of butyrate, enough HA-Y543 and HA-Y543,R546 were transported to the apical membrane to allow us to investigate several aspects of the sorting of proteins into the apical endocytic pathway. In particular, we were interested in the question of whether clathrincoated pits at the apical surface of polarized MDCK cells retained the ability to discriminate between HAs known to be internalized at very different rates both in fibroblasts and at the basolateral surface of MDCK cells.
Endocytosis of proteins (Le Bivic et al., 1991; Gottlieb et al., 1993) , toxins (Prydz et al., 1992; Eker et al., 1994) and fluid Melby et al., 1991) from the apical surface of MDCK has been observed to differ in several characteristics from that at the basolateral surface. Le Bivic and colleagues reported that wild-type and mutant nerve growth factor receptors internalized less efficiently from the apical than the basolateral surface of MDCK cells, but did not measure the rates at which this occurred, or by which pathway. Gottlieb et al. (1993) observed that the rates of internalization of the vesicular stomatitis (VSV) G protein were N1%/min at both surfaces of MDCK cells and that internalization of G was inhibited by cytochalasin D only at the apical surface. Jackman et al. (1994) reported that apical endocytosis of ricin is also inhibited by cytochalasin D in polarized Caco 2 cells.
In the experiments presented below, we found that endocytosis of two HA mutant proteins from the apical surface was much slower than from the basolateral, but that the relative efficiency of recognition of the two proteins by coated pits, as reflected by their internalization rates, was not changed. We present evidence that the slower internalization at the apical surface is due to a slower maturation of endocytic pits. This difference is observed only in confluent, polarized MDCK cells. We confirm previous observations that apical, but not basolateral endocytosis is inhibited by cytochalasin D (Gottlieb et al., 1993; Jackman et al., 1994) .
Materials and Methods

Site-directed Mutagenesis and Subcloning
HA-mutants were constructed by the site-directed mutagenesis protocol of (Kunkel, 1985) and have been previously reported (Naim and Roth, 1994a) . These genes were subcloned into the expression vector pCB6 (Brewer, 1994) under the control of the cytomegalovirus immediate-early promoter, for expression in MDCK ceils, or into a SV40 expression vector (Naim and Roth, 1994b) , for experiments in CV-1 cells. All subeloning was performed according to established protocols (Sambrook et al., 1989) 
Cell Culture, Cell Lines, and Labeling Procedures
Strain II MDCK ceils were grown in DME medium containing 5% Serum plus (Biocell Laboratories, CA), 5% FCS (Intergene Co., Purchase, NY) and antibiotics. MDCK cell lines expressing HA, or HA-mutants were prepared and maintained according to established protocols (Brewer and Roth, 1991) . Each cell line formed an electrically tight monolayer and properly localized methionine transporters at the basolateral surface, as measured by a standard methionine uptake assay (Brewer and Roth, 1991) . For experiments where polarity and polarized endocytosis were investigated, cells were cultured on 24-mm Costar Transwell filters (Costar Corp., Cambridge, MA) with 3-1~m pore size and fed daily for 5 d before the experiment. Monolayers were inspected by electron microscopy to establish that they formed monolayers only on one side of the filters. 16 h before the experiment, 10 mM sodium butyrate, (Sigma) in DME was added to the cells to increase protein expression.
HAs were labeled with aSS-amino acids as described previously (Thomas et al., 1993) . Cell monolayers on Transwell filters (Costar Corp.) were washed several times with PBS containing 1 mM Mg 2+ and 0.1 mM Ca z+, and then were incubated for 45-60 min at 37°C in media lacking methionine and cysteine. Trans3SS-label (ICN Biomedicals, Inc., Costa Mesa, CA) was diluted to a concentration of 2.5 mCi/ml in this medium, and cells were labeled for 30 min from the basolateral side by placing the Transwell filters containing 400 Ixl of labeling medium lacking radioactive label in the apical compartment on to 140 ixl of labeling medium that had been placed on a piece of parafilm. The cells were then incubated at 37°C for 30 min. For the chase, filters were transferred back to their dishes and prewarmed DME was added to both apical (2 ml) and basolateral (3 ml) chambers and cells were incubated at 37°C for 90 min.
Internalization Assay
Internalization of HA mutants expressed on subconfluent MDCK ceils grown on plastic, to measure internalization when cells were not polarized, was performed exactly as described previously for CV-1 cells (Naim and Roth, 1994a) . Briefly, MDCK cell lines expressing HA mutants were plated in 6-well dishes 1 d before the experiment so that the monolayer was subconfluent. Cells were then prestarved and labeled for the times described above, except that each culture received 400 ~1 labeling medium containing 500 i~Ci Trans35S-label and chased at 37°C for 90 min in complete DME The chase was stopped with ice-cold DME and the cells were placed on ice. Rabbit anti-HA serum diluted 1/300 in DME was allowed to bind to HA at the cell surface for 45 min. Unbound antibody was washed away and cells were subsequently rinsed twice, 10 min each, with low-bicarbonate DME containing 10 mM Hepes and 0.5% BSA, then once with DME containing 10 mM Hepes for 10 min. The monolayers were then returned to 37°C in a circulating water bath for the times indicated. After each time point, cell cultures were chilled again and returned to ice. To determine the amount of antibody-bound HA that was internalized, 100 i~g/ml trypsin was added to the cell monolayer to cleave HA at the cell surface into its HA1 and HA2 subunits, a treatment that does not remove the bound antibody (Lazarovits and Roth, 1988; Brewer and Roth, 1991) . After 50 min, trypsin was removed and cells were washed once with DME containing 10% Serum Plus, to inactivate residual trypsin. Before lysis, 200 ~1 of Serum Plus containing 200 i~g/ml soya bean trypsin inhibitor was added to each well as an additional precaution to avoid residual trypsin activity. Cells were then lysed in 1 ml lysis buffer, clarified by centrifugation at 11,000 g for 10 rain. Half of each lysate was taken and mixed with an equal volume of NET/GEL (150 mM NaCI, 10 mM Tris HC1, pH 8.0, 5 mM EDTA, 0.5% NP-40, 0.25% gelatin) containing 6.5 p.l of protein A-Sepharose gel to immunoprecipitate HA that was bound to the antibody. Samples were analyzed on 12.5% SDS-PAGE. The amount of cleaved HA (HA1 and HA2) and the uncleaved HA (HA0) in each sample was quantified by scanning with Phosphorlmager (Molecular Dy-namics, Sunnyvale, CA). The percent of HA that was internalized at any period of chase was calculated by dividing the optical density of the uncleaved (HA0) band by the sum of the optical densities of all of the HA bands in that sample: (HA0)/(HA0+HAI+HA2) x 100%. The percentage of HA that remained inaccessible to trypsin on cells left at 4°C was subtracted as background from the values measured after a chase at 37~C. For HA-Y543 expressed in MDCK cells, this background ranged between 5 and 8% of HA that had bound antibody, and for HA-Y543, R546, background ranged between 3 and 9%.
To measure the internalization rates from either apical of basolateral cell surfaces, 4-5 d after seeding MDCK cells on to Transwell filters monolayers were washed 2x with PBS containing 0.1 mM Ca 2÷ and 1 mM Mg 2+. Prewarmed starvation medium was added to both sides of the filter and the cells were incubated at 37°C for 60 min. Cells were labeled and chased as described above. Antibody binding and internalization was performed as described above, except that antibody was added to only one side of a monolayer. One ml of medium containing antibody was used to bind HA on the apical side and 2 ml of medium containing antibody was used for the basolateral side. To determine the surface population remaining at the end of each chase period, trypsin was added to the side where the antibody had bound, and on the opposite side DME containing 200 p,g/ml STI was added. Cells were lysed in 1 ml lysis buffer and immunoprecipitated and analyzed as above.
Internalization in the Presence of Hypertonic Medium or Cytochalasin D
Cells were labeled as described and, after 70 rain of chase, prewarmed hypertonic medium (DME containing 0.47 M sucrose) or medium containing 25 ixg/ml cytochalasin D (from a stock of 25 mg/ml in DMSO) was added to both apical and basolateral sides and the chase was continued for 20-30 min. Cells were then chilled, antibody was bound to a single side of a monolayer, and then the internalization was performed in a prewarmed media that either contained sucrose or Cytochalasin D. Washing and the subsequent lysis and analysis were done as described above.
Fluid Phase Uptake
HRP type II, from Sigma, was used at a concentration of 10 mg/ml in DME. Prewarmed medium containing HRP was added to duplicate samples of cells from either the apical (1 ml) or basolateral (2 ml) sides and incubated at 37°C. For the zero time point, ice-cold medium containing HRP was added to cells held on ice for 5 or 15 min. At the end of each time point, HRP-containing medium was replaced with ice cold PBS containing 1% BSA and the ceils were kept on ice. Ceils were washed 3× with ice cold PBS containing 1% BSA followed by 3x with PBS. Cells were then lysed with 1 ml of 1% Triton X-100 in PBS. Nuclei and other large insoluble material were pelleted at 11,000 g for 10 rain and supernatants were transferred to other microfuge tubes. Freshly prepared reaction buffer (0.9 ml of 14 mM KH2PO4; 0.1% Triton X-100; 0.02% H202; 0.007% O-Dianisidine) was added to 0.1 ml of lysate and the activity of HRP was directly measured as a function of time in a Cary 118 spectrophotometer. The HRP concentration in each extract was determined using a standard curve of HRP of a predetermined concentration whose absorbency was also measured. The volume of fluid internalized was then calculated from the known concentration of HRP in the medium.
Electron Microscopy and Immunogold Staining
Cells grown on Transwell filters were fixed, embedded and sectioned orthogonally to the filter according to published procedures (Lee et al., 1993) . For immunoelectron microscopy, cells cultured on flters were washed 3x with PBS containing 1 mM Mg 2÷ and 0.1 mM Ca ~+ and were fixed with 0.5% glutaraldehyde and 3.7% paraformaldehyde at 23°C. Filters were cut from their supports and immersed in DME containing ~1 p,g/ml anti-Japan HA monoclonal antibody for 60 min with continual rocking. The filters were washed 3 x with PBS containing 1% BSA. Rabbit anti-mouse IgG conjugated to gold (10 nm diam) was added in this solution at a final concentration of 1.6 p,g/mi and samples were gently rocked for 1 h, The filters were then washed 3x for 5 min each with PBS containing 1% BSA. Subsequent fixation in 1% OsO4 + 1.5% potassium ferrocyanide in 0.1 M sodium cacodylate, washings, dehydration, and embedding in Epon was according to published procedures (Hart field et al., 1991) . MDCK cells or CV-1 cells cultured on plastic were processed in a similar manner as polarized MDCK cells on filters and were embedded in situ on plastic dishes. The plastic-embedded cells were then removed from the plastic dishes and strips were cut and reembedded for ultra thin sectioning.
Measurement of Cell Surface Lengths and Counting of Coated Pits
Cells were visualized with a JEOL 1200 EX electron microscope at magnifications of 25,000× (at the microscope screen) and 250,000X (on a video monitor). Typical coated pits in the early or late stages of formation were counted separately for each cell cross-section for the apical or basolateral membranes. Each plastic section contained a cross section of monolayer containing ~20 cells. Only plasma membrane invaginations with a clearly recognizable electron-dense, cytoplasmic coat were counted. Two observers independently counted coated pits in five separate experiments. One of the observers, Dr. A. McDowall, director of our imaging facility, was not aware of the purpose of the experiments.
To determine the number of coated pits per unit membrane length of each domain, images of the cells were digitized and magnified 250,000x and then printed in sections on an Apple Pro600 laser printer. The sections were assembled and measured with a topographic Map measurer. An average ratio of basolateral to apical surfaces was calculated from the measurement of four cell cross-sections and found to be ~4 for MDCK type II cells. A ratio of 3.8 has been reported previously for type I MDCK cells (Patton et al., 1989) .
Estimation of the Efficiency of Antibody Labeling for Biochemical Experiments and the Amount of HA-Y543 Present at the Apical Surface of Polarized MDCK Cells
To estimate the efficiency of antibody labeling on cells expressing radioactive HA-Y543 for internalization experiments, we compared the proportion of the radioactive population that could be bound by antibody added to the apical cell surface at 4°C and recovered after immunoprecipitation to the amount of radioactive HA-Y543 that was cleaved by trypsin added to the culture medium. Antibody bound 7.5% of the trypsin-accessible population of the mutant HA. Binding of antibody to radioactive HA-Y543 was not competed by a large excess of nonradioactive HA-Y543 added to the cell lysate, indicating that the amount of protein recovered after immunoprecipitation was equivalent to the amount that had bound antibody at the time that the cells were lysed.
To determine the efficiency of labeling with antibody and gold for immunoelectron microscopy, we estimated the number of HA-Y543 proteins that would be present at the apical cell surface by comparing the total amount of radioactive HA-Y543 recovered by immunoprecipitation after a pulse and short chase of MDCK cells expressing this protein to the amount recovered from a culture of similarly labeled CV-1 fibroblasts infected with a SV40 expression vector carrying the HA-Y543 eDNA, which produces much more protein. From this experiment we calculated the ratio of amounts of synthesis of the protein in the two cell types. From a parallel culture of the infected CV-1 fibroblasts we immunoprecipitated all of the HA-Y543. HA-Y543 and antibody in the immunoprecipitate were separated by electrophoresis on polyacrylamide gels and stained with Coomassie blue. Samples of known amounts of BSA were included on the gel. The optical density of the stained protein bands on the gel was measured by laser scanning densitometry, and the amount of HA-Y543 present was determined by comparison with the BSA standards. We had previously determined that the rates of the degradation of HA-Y543 in MDCK cells or CV-1 ceils differ by less than twofold. From this information, and knowledge of the steady-state distribution of HA-Y543 in polarized MDCK cells treated overnight with sodium butyrate (40% at the cell surface and 15 % of the surface population at the apical cell surface, manuscript in preparation), we calculated that the apical surface of each MDCK cell expressing HA-Y543 contains ,-~3,000 of the proteins.
Results
The Internalization of an HA Mutant from the Apical Cell Surface Is Less Efficient than from the Basolateral Cell Surface
In fibroblasts, HA-Y543 is internalized approximately threefold slower than is HA-Y543,R546. Thus, we compared the internalization rates of the two mutant HAs at both the apical and basolateral surfaces of MDCK cells to determine if the apical surface retained the ability to discriminate between internalization signals with different affinities for coated pits. We cultured MDCK cells expressing either HA wt, HA-Y543 or HA-Y543,R546 in Transwell filters to establish polarized monolayers. In parallel, cultures of MDCK cells expressing each protein were grown as subconfluent, unpolarized cells on plastic dishes. The internalization of the proteins at both apical and basolateral membrane domains of polarized cells, or at the undifferentiated plasma membrane of nonpolarized cells, was then measured (Fig. 1) . The initial rates of endocytosis of both proteins was fivefold slower from the apical membrane (Fig. 1 a) than from the basolateral membrane (Fig.  1 b) , or the free surface of subconfluent MDCK cells (Fig.  1 c) . However, the endocytic apparatus at the apical surface was still selective. HA wt was not internalized from the apical side during the interval of the experiment (there was insufficient signal to measure HA wt internalization from the basolateral surface) and the approximately threefold difference in internalization rates between the two mutant HAs was maintained at both membrane domains (Fig. 1, a and b) . The fact that selectivity was maintained suggests that the slower internalization of membrane proteins at the apical surface was not due to a loss of high affinity binding sites for internalization signals in apical coated pits. In addition, inducing protein expression with butyrate had no effect on internalization rates in MDCK cells or in CV-1 fibroblasts under the growth conditions used in our experiments (not shown).
The Maturation of Endocytic Pits at the Apical Membrane Is Slower than at the Basolateral Surface
Several mechanisms might cause the slow internalization of HA mutants from the apical surface. Slower internalization would occur if the number of endocytic pits able to take up proteins at the apical side was limiting, which seemed unlikely due to the low levels of proteins expressed. Slower internalization at the apical surface of MDCK cells might also occur if the lateral diffusion rate of HA mutants was slower than at the basolateral surface. However, this would have to be a relatively large decrease, since the ability of HA-Y543 to diffuse into a coated pit is probably not rate-limiting. The mobility of HA-Y543 in CV-1 fibroblasts, where internalization occurs at rates equal to the basolateral surface of MDCK cells, is fast enough to allow an average HA-Y543 protein to encounter a coated pit every 4-8 s (Fire et al., 1991) , which is an order of magnitude faster than is the internalization of coated pits in fibroblasts. Slower internalization might also occur if the lifetime of a coated pit on the apical surface was significantly longer than that at the basolateral surface or if the number of binding sites for endocytic receptors in apical coated pits was significantly reduced. All of these possibilities can be distinguished by electron microscopy. If apical endocytosis was slow because the number of coated pit binding sites for mutant HAs were limiting, either due to fewer coated pits, fewer binding sites within the pits, or if mutant HAs reached the coated pits more slowly, then only one-fifth as much of the mutant HA should be observed inside coated pits on the apical surface as was observed at membrane domains where internalization was fivefold faster. If coated pits themselves were limiting, the number of coated pits at the apical domain should be one-fifth the number at the basolateral domain of polarized cells. In contrast, slow budding of endocytic pits at the apical surface should result in more shallow pits and fewer deeply invaginated pits being observed. A slow step in a later process, such as the pinching off of pits, could also result in a slower rate of internalization. In this case, more deep pits might be observed at the apical surface than at the basolateral. To investigate these possibilities, cells expressing the mutant H A s were grown on filters to form polarized monolayers and, in some experiments, cells were fixed and the H A s were labeled at the apical surface with anti-HA and protein A-gold particles. The filter and cells were embedded and thin sections were cut orthogonal to the filter. After staining to improve contrast, samples were visualized by electron microscopy and photographed. Endocytic pits were identified as regular depressions of the cell surface that were ~70-100 nm in diameter and contained an electron dense cytosolic coat (Figs. 2 and 3) , although occasionally this coat was difficult to see. Pits containing identifiable electron-dense coats were counted on both sides of each cell photographed. The basolateral side of the M D C K strain II cells used in these experiments contained 1.5× as many coated pits as the apical side (386 apical pits were counted and 602 basolateral), which was not enough to explain the difference in internalization rates that we observed for the two mutant proteins at the two surface domains.
To determine whether the slow internalization of H A -Y543 at the apical membrane was due to a difference in the number of binding sites in apical coated pits, we measured the fraction of HA-Y543 that was found in coated cells. MDCK cells on filters were prepared for electron microscopy and coated pits were counted at the apical and basolateral surfaces. Three different stages in the maturation of coated pits were recorded separately in five experiments (Table II) (Anderson et al., 1977; Hansen et al., 1992) , then from the internalization rates measured (Fig. 1) one would expect to find 1 -3 % of H A labeled with gold in coated pits at the apical surface of polarized cells and 7-14% of the label in coated pits under conditions where internalization was faster. For this experiment to be meaningful, we needed to establish two points: (a) that the background of gold labeling on cells not expressing HA-Y543 was sufficiently low and (b) that the labeling of HA-Y543 with the monoclonal antibody and gold was similar to the efficiency of labeling of radioactive HA-Y543 with rabbit antibodies (7.5 % of the trypsin-accessible surface population, see Materials and Methods). We calculated that the apical surface of each MDCK cell expressing HA-Y543 contains ,'~3,000 of the proteins (see Materials and Methods). Dividing the surface area of the monolayer on the filter by the number of MDCK cells in the monolayer gave us a cross-sectional area containing 3,000 HA-Y543 proteins. Dividing this area by the number of 90-nm-thin sections required to cover the whole area, we estimated that each cell profile of apical membrane should contain about 40 HA-Y543 proteins.
Monolayers of polarized MDCK ceils that either expressed no HA, or expressed HA-Y543, were grown on filters, fixed and then labeled with monoclonal anti-HA antibody and protein A conjugated to gold. Samples were prepared for electron microscopy and an equal number of profiles of cells either expressing or not expressing HA-Y543 were examined. We observed no binding of gold to MDCK cells that did not express HA-Y543 (Fig. 2 d) , satisfying the first criterion for the experiment. After counting 420 gold particles on ~140 cell profiles, we calculated an average of ~3 gold particles labeled each apical cell profile (Table I and Fig. 2 ). This represented a labeling efficiency of 7.5% of the amount of HA-Y543 estimated to be present, which was the same efficiency of labeling as was achieved for internalization experiments. Of these gold particles, ~12% were observed in endocytic pits (Table I). Another 10-12% were within a distance of ~0.5 pit diameter of an endocytic pit (Fig. 2 b) and the rest of the gold label was dispersed on the plasma membrane (Fig. 2,  a and c) . Thus the percentage of the total HA-Y543 popu- MDCK cells expressing HA-Y543 were grown on filters to form polarized monolayers, or were maintained for one day as non-polarized, subconfluent cultures on plastic. MDCK ceils were treated with sodium butyrate overnight before labeling. All cells were fixed before they were labeled with anti-HA antibody and second antibody conjugated to colloidal gold. Gold particles were counted inside, within 50 nm of endocytic pits, and outside pits. Values are given with standard deviations, n, the number of monolayer profiles examined, Initial endocytic rate is the percent of protein internalized after 1 min.
lation that is present in coated pits at the moment the cells were fixed (which we assume to be the situation at steadystate) is five-to sevenfold greater than expected for coated pits internalizing HA-Y543 at the slow rate shown in Fig.  1 , if one assumes that coated pits internalize as fast at the apical surface of MDCK cells as they do in other cell types where this rate has been estimated. When this same analysis was performed on HA-Y543 expressed in subconfluent MDCK cells (Fig. 2) , or in CV-1 cells where internalization was much faster, no significant difference in the percent of the protein in endocytic pits was observed (Table I and data not shown). Thus, the number of binding sites within endocytic pits at the apical surface of MDCK cells did not appear to be limiting, and could not explain the slower rate of internalization at the apical surface of polarized cells.
The distribution of HA-Y543 that we observed was that expected if the protein were binding to endocytic pits that took significantly longer to internalize. Two observations were consistent with that interpretation. We determined that the ratio of basolateral to apical membrane profiles of cells in thin sections was 4, but the basolateral membranes contained only 1.5, rather than 4, times as many coated pits as did the apical domain. Thus, the number of coated pits per unit area was actually greater at the apical surface, an observation that would be expected if apical coated pits had a longer lifetime at the apical surface and if recycling of clathrin back to the membrane occurred at similar rates at both membrane domains. In addition, most of the apical coated pits were either in an early phase or an intermediate phase of invagination (Table II and Fig. 3 ). Almost half of the coated pits at the apical cell surface were shallow, being invaginated less than half the diameter of the width of the pit at the cell surface (Fig. 3, Stage I ). In contrast, almost half of the coated pits at the basolateral domain were deeply invaginated or closed (Fig. 3, Stage III) .
When compared by a two-tailed Student's t test, the average percent of apical coated pits in each stage was found to be significantly different than the average percent of basolateral coated pits in the same stage (the probability, P, that the averages for each stage of coated pit at the two membrane domains were the same was 0.001 for stage I, 0.003 for stage II, and 0.01 for stage III). These observations suggest that endocytic pits form more slowly at the apical than the basolateral surface, resulting in slower internalization of their content.
Internalization of HA Mutants from the Apical Surface Is Inhibited by Cytochalasin D
Recently, internalization of fluids and of the VSV G protein missorted to the apical surface of MDCK cells has been observed to be sensitive to cytochalasin D (Gottlieb et al, 1993) . Since G protein lacks a high-affinity internalization signal for coated pits (Thomas et al., 1993; Thomas and Roth, 1994) and there is more than one apical endocytic pathway (Eker et al., 1994) , we were interested in determining if cytochalasin D would also affect internalization of a protein with a reasonably good internalization signal for clathrin-coated pits. MDCK cells expressing HA-Y543,R546 were grown as polarized monolayers on filters and treated with 25 Ixg/ml cytochalasin D in DME, as previously reported by Gottlieb et al. (1993) . As a control, cells were treated in parallel with hypertonic medium, which completely inhibits clathrin-mediated endocytosis by causing coated pits to disassemble (Heuser and Anderson, 1989 ) and release any trapped proteins (Henis and Roth, unpublished observations). After 30 min of this treatment, internalization from the apical or the basolateral domains was measured in the presence or absence of cytochalasin D or hypertonic medium. Treatment with hypertonic medium completely inhibited the internalization of HA-Y543,R546 from either side of the cell (Fig. 4, a and  b) . Cytochalasin D inhibited internalization from the apical side by 45-50% (Fig. 4 a) but did not affect the internalization of the HA mutant from the basolateral side (Fig. 4 b) . The effect of cytochalasin D on apical but not the basolateral internalization of HA-Y543,R546 is consistent with the results reported by Gottlieb et al. (1993) suggesting that the internalization from the apical side is influenced in some way by actin. However, we were not able to detect complete inhibition of HA internalization by this drug.
To measure the effect of cytochalasin D on all internalization from apical or basolateral membranes, we measured the fluid-phase endocytosis of HRP from each side of MDCK cells grown as polarized monolayers on filters (Fig. 5) . Duplicate samples were either treated with cy- 1  29  16  23  50  22  68  74  134  39  12  31  37  30  51  2*  55  30  23  43  38  88  116  161  47  19  20  27  33  55  3*  39  31  20  43  29  41  88  115  44  27  23  37  33  36  4  27  17  13  36  10  44  50  97  54  18  26  37  20  45  5  31  18  16  38  11  39  58  95  53  19  28  40  19  41 Mean ± SD 47 ± 6 19 ± 5 26 ± 4 36 ± 4 27 ± 6 46 ± 7 Coated pits were counted at apical and basolateral membranes of MDCK cells grown on permeable supports in five separate experiments by two different observers, one of whom(*) was an experienced electron microscopist not associated with this project (see Materials and Methods). Only pits with electron-dense, cytoplasmic coats were counted. The morphological stages are those shown in Fig. 3 . ap, apical; bl, basolateral. tochalasin D, hypertonic buffer, or left untreated for 30 min at 37°C and then the same medium containing HRP at a concentration of 10 mg/ml was added to the cells, either from the apical or the basolateral side. Samples were incubated at 37°C for 5 or 15 min. For the zero time point, medium containing HRP was added to the cells on ice. After the period for internalization, HRP activity was measured as described in Materials and Methods. Fluid uptake from the basolateral surface was 7 nl in 15 min per filter and internalization of fluid from the apical surface was 0.7 nl in 15 min (Fig. 5) . Treatment with cytochalasin D stimulated fluid phase uptake from the basolateral side by twofold, a result which we have observed not only in MDCK cells (Fig. 5 b) , but also in nonpolarized CV-1 cells (R.-H. Wang and M. G. Roth, unpublished observations). However, cytochalasin D inhibited apical uptake of HRP by 50% at 15 min. Hypertonic medium inhibited both apical and basolateral uptake by ~73 and 70% after 15 min, respectively, suggesting that the clathrin-mediated pathway contributed no more than about 70% of total endocytosis at each membrane domain.
Discussion
There are several reports that endocytosis from the apical surface of MDCK cells differs from that at the basolateral (Le Bivic et al., 1991; Melby et al., 1991; Prydz et al., 1992; Gottlieb et al., 1993; Eker et al., 1994) . This raises the question of whether the internalization apparatus at the specialized apical surface, which apparently has no need to recognize proteins with high affinity internalization signals, nevertheless retains the mechanisms capable of this sorting event. Our results comparing the rates of internalization of HA-Y543 and HA-Y543,R546 at both the apical and basolateral domains of MDCK cells indicate that the ability of endocytic apparatus to discriminate between two proteins with internalization signals of different "strengths" was the same at the apical and basolateral surfaces of polarized epithelial cells. Since we observed our mutant proteins in apical coated pits by immunocytochemistry and could inhibit their internalization by hypertonic medium, we assume that most, if not all, of the internalization that we observed at the apical surface of MDCK cells was through a clathrin-mediated pathway. This internalization was approximately fivefold slower than that measured at the basolateral surface of polarized MDCK cells or in unpolarized MDCK cells or fibroblasts, and fluidphase uptake of HRP from the apical medium was 10-fold slower. We observed by electron microscopy that 10-14% of HA-Y543 was located in endocytic pits at the apical surface of both polarized and nonpolarized MDCK cells. Thus, there was no evidence for lack of binding sites for HA-Y543 within apical coated pits and differences in the fraction of the HA-Y543 population residing in coated pits at different membrane domains can not explain the differences in the rates of internalization measured there. Apical coated pits were significantly shallower, on average, than at the basolateral surface, and the number of endocytic pits per unit of apical membrane was actually greater than at the basolateral surface. Taken together, these observations indicate that the coated pits at the apical surface recognize proteins as efficiently as at the basolateral surface, but they mature into vesicles much more slowly. Comparing the percent of HA-Y543 seen in coated pits by electron microscopy (10-14%) and the percent internalized each minute at different membrane domains (1.7%/min apical and 9%/min basolateral), we estimate the lifetime of a coated pit on the polarized apical surface to be ,'-~6-8 min and at basolateral or nonpolarized domains to be 1.1-1.5 min. This latter figure is essentially that measured previously in fibroblasts. An important conclusion from these results is that the rate of maturation of coated pits can vary at different places within the same cell type. Perhaps clathrin-mediated endocytosis at other specialized domains, such as synaptic membranes, is also regulated not only by the numbers of coated pits that form, but in the rate at which they mature. In experiments using reconstituted systems, four distinct events in the maturation of coated pits have been identified: the binding of the AP-2 complex to the plasma membrane, the recruitment of clathrin to the AP-2 complex, the growth of a curved clathrin lattice into a deeply invaginated pit, and the pinching off of the coated vesicle (reviewed by Schmid, 1993) . The observation that there are more coated pits per unit membrane at the apical surface and that they are significantly shallower suggests that the third step in maturation is slow at that domain. The coated pits at the apical surface of MDCK cells do not resemble the rather elongated coated pits seen in cells expressing mutant dynamins, which are also defective in the third step of internalization (Kosaka and Ikeda, 1983; Damke et al., 1994) , suggesting that the slow step in coated pit formation at the apical domain occurs earlier than the function requiring dynamin. This would be most easily explained by a difference in the amount of a membrane-bound factor that either controls the addition of clathrin triskelions into the lattice, or regulates membrane curvature, perhaps by controlling the introduction of pentagons among the hexagons of the lattice, which is a requirement for attaining a curved clathrin surface (reviewed by Kirchhausen, 1993) . The involvement of a membrane-bound factor in this process is further suggested by our observation that in a mutant MDCK cell line that forms electrically tight monolayers but missorts plasma membrane proteins, HA-Y543 is internalized at 7-9%/min from both the apical and basolateral domains (manuscript in preparation).
Previously Gottlieb and colleagues showed that cytochalasin D inhibited the internalization of VSV G protein from the apical, but not from the basolateral surface of MDCK cells. Since G lacks a tyrosine-dependent internalization signal for endocytosis, we investigated the effects of cytochalasin D on internalization of HA-Y543-R546, which contains a high affinity internalization signal for coated pits. We confirm that cytochalasin D specifically inhibited apical endocytosis, but in the case of HA-Y543,R546, inhibition was incomplete. Jackman et al. (1994) have reported that inhibition of internalization of ricin in MDCK cells treated with cytochalasin is also incomplete. Since ricin is internalized by both clathrin and non clathrin pathways, it is possible that the drug completely inhibits one of the two pathways and not the other. Since VSV G protein lacks a cytoplasmic internalization signal for associating with coated pits (Thomas and Roth, 1994) , the complete inhibition of internalization of G protein at the apical surface caused by cytochalasin D (Gottlieb et al., 1993) could occur through inhibition of a nonclathrin-mediated pathway. One interpretation of our observations is that polymerized actin at the apical membrane is not required for clathrin-mediated endocytosis, but that the polymerization state of subapical actin does influence the rate of this process. Gottlieb et al. (1993) observed that coated pits appear to be at the end of long, narrow invaginations at the apical surface of MDCK cells treated with cytochalasin D that did not appear to internalize cationized ferritin as measured by electron microscopy. They interpreted this as evidence that the pinching off of coated pits was inhibited. Alternatively, it is possible that membrane and soluble proteins enter the narrow tubes leading to coated pits more slowly, and that vesicle fission still occurs at some rate. Another explanation for our data is that HA-Y543,R546 with antibody bound to it can move into deeply invaginated coated pits and become sequestered from trypsin subsequently added to the culture medium. However, we observed continued internalization of both the membrane-bound HA-Y543,R546 and HRP in the fluid-phase in MDCK cells treated with cytochalasin D and it is difficult to understand how HRP might gain access to these deep invaginations but trypsin might not. Therefore, we favor an interpretation that actin is important for influencing the movement of proteins and solutes into coated pits but is not absolutely required for them to mature into coated vesicles.
